The autoinducer-2/LuxS signalling pathway participates in quorum sensing in diverse bacterial species. In group A streptococci (GAS), LuxS has been shown to be involved in regulating the expression of several important virulence factors. Streptococcal pyrogenic exotoxin B (SpeB), a cysteine protease that has important roles in GAS pathogenesis, is positively regulated by LuxS in M3 and M5 strains. In the present study, it was found that the supernatant harvested from an overnight culture stimulated M1 strains to express speB. However, mutation of the luxS gene in M1 strains or treating M1 strains with luxS mutant culture supernatant did not affect speB expression, indicating that the LuxS pathway is not involved in regulation of speB expression in M1 strains. In addition, the acid property of culture broth was found to be able to stimulate M1 strains to express speB in the same LuxS-independent manner. These results indicate that speB expression in M1 strains is induced by environmental pH changes but is not regulated by the LuxS signalling pathway.
INTRODUCTION
Streptococcus pyogenes [group A streptococcus (GAS)] is a Gram-positive human pathogen that causes mild to severe diseases including pharyngitis, tonsillitis, cellulitis, scarlet fever, necrotizing fasciitis and streptococcal toxic-shock syndrome (Cunningham, 2000) . Although there are over 200 identified emm (M protein gene) types, emm1 (M1 serotype) and emm3 (M3 serotype) are considered the most important types causing invasive GAS infections (CDC, 2009 ).
In GAS, virulence gene expression is restricted to a specific phase of growth, which has been proposed to be regulated by a highly coordinated regulatory network (Kreikemeyer et al., 2003) . Streptococcal pyrogenic exotoxin B (SpeB) is a cysteine protease that causes tissue damage and aids in escaping immune clearance Lukomski et al., 1999; Svensson et al., 2000; Tamura et al., 2004) . Expression of SpeB is restricted to the stationary phase of growth (Unnikrishnan et al., 1999) . Recently, several studies disclosed the mechanisms of how GAS controls speB expression. Loughman & Caparon (2006b) showed that LacD.1, an aldolase that is adapted as a metabolic sensor, may interact with Rgg (the positive regulator of speB) to repress its regulatory activity during the exponential phase of growth. In addition, glucose starvation and acidic conditions, the common stress signals in the stationary phase of growth, are the positive signals for triggering speB expression (Chaussee et al., 1997; Loughman & Caparon, 2006a) . Finally, the autoinducer-2 (AI-2) quorum-sensing pathway has been hypothesized to be involved in regulating speB expression (Lyon et al., 2001; Marouni & Sela, 2003) .
The AI-2 quorum-sensing pathway is highly conserved among different bacterial species and is probably used for interspecies communication (Bassler et al., 1997) . LuxS is an essential effector of the AI-2 quorum-sensing pathway. It seems to be a positive regulator of SpeB protease in M3, M5 and M6 strains (Lyon et al., 2001; Marouni & Sela, 2003) . However, only M3, and not M5 and M6, luxS mutants show a decrease in speB expression, indicating that the effects of the LuxS regulatory pathway might be strainor serotype-specific (Lyon et al., 2001; Marouni & Sela, 2003) . In the present study, we showed that environmental pH, but not LuxS, is involved in regulation of speB expression in clinically prevalent M1 GAS strains.
METHODS
Bacterial strains, plasmids and culture conditions. GAS strains A-20 (M1T1, emm1/ST28), GAS 602 (M1, emm1/ST28), SF370 (M1, emm1/ST28), GAS 113 (emm4/ST391), GAS 133 (emm4/ST39), GAS 261 (emm12/ST36), GAS 747 (emm12/ST465) and NZ131 (emm49/ ST424) have been described previously (Chiang-Ni et al., 2009 ). All GAS strains were grown in tryptic soy broth (Becton Dickinson) supplemented with 0.5 % yeast extract (TSBY). GAS were cultured in TSBY broth for 3 h at 37 uC and washed with 5 ml fresh TSBY twice before being treated with different conditional media. Bacterial pellets were resuspended in 20 ml overnight bacterial culture supernatant of A-20 (unless otherwise specified; O/N culture medium), neutral TSBY and O/N culture medium (pH 7.5, buffered by 100 mM HEPES; BDH Laboratory Supplies), or acidic TSBY and O/N culture medium (pH 6.0, buffered by 100 mM MES; Sigma-Aldrich) for 2 h (speB RNA analysis) or 3 h (SpeB protein analysis) before further analysis (Dalton & Scott, 2004) . In addition, TSBY and O/N culture medium after boiling (10 min), autoclave treatment (20 min) or protease K (1 mg ml
21
, incubated at 37 uC for 2 h) plus autoclave treatment were also used for analysis. All conditional media were filtered using 0.22 mm filters (Pall Life Sciences) before being used. Escherichia coli DH5a (Bethesda Research Laboratories) and K12 (MG1655) were grown in Luria-Bertani broth with agitation at 37 uC. The antibiotics spectinomycin at a concentration of 100 mg ml 21 and chloramphenicol at 3 mg ml 21 were used for selection. Plasmid pDL278 has been described previously . Plasmid pMW501 is pDL278 containing a constitutive expression promoter, PrpsL (McIver & Scott, 1997) . AI-2-dependent light production was measured using a luminometer. Fold change was defined as the light production induced DNA and RNA manipulations. GAS genomic DNA extraction and electroporation transformation were carried out as described previously . Southern blot hybridization, RNA extraction from GAS and Northern blot hybridization analysis were performed as described previously (Chiang-Ni et al., 2006 . The probe used for detecting speB expression in Northern blotting was amplified by primers SpeB-1 (59-GTCAACATGCAGCTACAGGA-39) and SpeB-2 (59-AATACCAACATCAGCCATCA-39). Real-time RT-PCR was performed to detect speB expression using primers SpeB-3 (59-AATTGATGGCTGATGTTGGTAT-39) and SpeB-4 (59-GCTTCC-CAATCTTGTTTGCT-39). Real-time quantification was carried out using LightCycler software, version 3.0 (Roche Diagnostics).
Construction of the luxS mutant and complementation strain.
For construction of the A-20 and GAS 602 luxS isogenic mutants, a DNA fragment containing the luxS gene and upstream 749 bp and downstream 705 bp sequences was amplified by primer Spy1641 (59-AACTTATGCCACTTATGCTT-39) and Spy1643 (59-TCCGATGTT-GTTGTAGATG-39). The PCR product (1.9 kb) was ligated into pGET-T Easy vector (Promega) and designated plasmid pMW477. The luxS gene on plasmid pMW477 was interrupted by a chloramphenicol acetyltransferase cassette (Sheu et al., 2007) and the constructed plasmid (pMW478) was transformed into A-20 and GAS 602, replacing the luxS gene with the chloramphenicol acetyltransferase cassette by double-crossover homologous recombination. The luxS mutants SW609 and SW918 were selected with 3 mg chloramphenicol ml 21 and confirmed by Southern blot analysis. The luxS structural gene, including the downstream 178 bp sequence, was amplified by primers F-luxS-BamHI (59-CGCGGATCCATGACAA-AAGAAGTTATCGTAG-39) and F-luxS-SphI (59-ACATGCATGCT-GGCAAAGGTTATGCTGATG-39). The PCR product was digested by BamHI and SphI and ligated into plasmid pMW501 (designated pMW502). Plasmids pMW502 and pMW501 were transformed into SW609 to construct the luxS complementation and vector control strains (SW657 and SW658, respectively).
AI-2 bioassay. An AI-2 bioassay was performed as described by Miller et al. (2004) with modifications. Reporter strain Vibrio harveyi MM32 was grown in AB medium (Miller et al., 2004) at 30 uC with agitation and subsequently diluted 1 : 5000 into fresh AB medium. Cell-free bacterial culture supernatant (20 ml) from DH5a (AI-2-negative strain), K12 (AI-2-positive strain), A-20, SW609, SW657, GAS 602 or SW918 was mixed with 180 ml diluted V. harveyi MM32 and incubated at 30 uC for 5 h. AI-2-dependent light production was measured using a luminometer (PerkinElmer, Life Science).
Western blot hybridization. Western blotting to detect SpeB in bacterial culture supernatant was performed as described previously (Chiang-Ni et al., 2009) . Briefly, 300 ml bacterial culture supernatant was mixed with 1.2 ml acetone and incubated at 220 uC for 1 h to precipitate the total protein. The precipitated protein was collected by centrifugation at 14 000 g for 20 min and dissolved in 50 mM NaOH supplemented with 16 mM protease inhibitor E-64 (Sigma-Aldrich) to prevent SpeB degradation. Total protein (2 mg) was subjected to SDS-PAGE followed by transfer to PVDF membrane. The membrane was blocked with PBS containing 5 % skimmed milk at 37 uC for 2 h and probed with anti-C192S (the inactive form of SpeB protein) mouse serum. After removing the primary antibody by washing with PBS containing 0.05 % Tween 20, the membrane was incubated with horseradish peroxidase-conjugated anti-mouse Ig antibody (Chemicon International) and treated with chemiluminescent substrate (Pierce ECL Western blotting substrate; Thermo Fisher Scientific) to visualize the signal. Western blot analysis was performed at least twice, independently.
Casein plate assay. Protease activity was analysed by a casein plate assay, as described previously (Chiang-Ni et al., 2006) . GAS strains were grown on Columbia agar base containing 5 % skimmed milk. After aerobic incubation at 37 uC for 24 h, the zone of casein hydrolysis was measured.
Statistics. Statistical analysis was performed using Student's t-test. A value of P,0.05 was taken as significant.
RESULTS
Bacterial culture medium stimulates M1 GAS to express SpeB SpeB expression in GAS is restricted to the stationary phase of growth. Environmental or bacteria-derived signals in a culture supernatant might stimulate GAS to express SpeB. To clarify whether spent bacterial culture supernatant stimulated GAS to express speB, GAS were treated with O/N culture medium. GAS strain A-20 was collected at the exponential phase (5 h after incubation) and the stationary phase (7 h after incubation), or treated at the exponential phase with O/N culture medium or fresh TSBY broth as a control for an additional 2 h. speB expression of A-20 under different culture conditions was analysed by Northern blotting. The results showed that speB expression of A-20 increased during the stationary phase (7 h after incubation) but not during the exponential phase of growth (Fig. 1a) . After treating A-20 with O/ N culture medium for 2 h, the speB expression level was similar to that of A-20 in the stationary phase of growth, whereas treating A-20 with fresh TSBY broth for 2 h did not stimulate speB expression (Fig. 1a) . In addition, treatment with O/N culture medium after boiling, autoclaving or protease K digestion plus autoclaving retained the activity required to trigger expression of speB (Fig. 1b) . Chaussee et al. (1997) showed that the culture supernatant of M49 strain NZ131 could not stimulate itself to express speB. We used an NZ131 O/N culture medium to treat strains A-20 and NZ131, and speB expression was analysed by bacterial culture supernatants compared with that of AB medium alone. (c) speB expression of A-20, SW609, SW657 and SW658. A-20, SW609, SW657 and SW658 (vector control strain) were cultured in TSBY for 7 h (stationary phase) and speB expression was analysed by Northern blotting. Experiments were performed twice, independently. (d) SpeB protein expression and protease activity of A-20, SW609, SW657 and SW658. A-20, SW609, SW657 and SW658 were cultured in TSBY for 7 h and total protein in the bacterial culture supernatant was precipitated for Western blot analysis using mouse anti-C192S (inactive form SpeB) serum (upper panel). The lower panels show the protease activity of A-20, SW609, SW657 and SW658 detected by a casein plate assay. Experiments were performed twice, independently.
by Northern blotting. The results showed that speB expression was increased only in strain A-20 and not in strain NZ131 (Fig. 1c) .
Mutation of the luxS gene does not affect speB expression in M1 strains
LuxS is an essential component of the AI-2 quorumsensing pathway. To clarify whether the AI-2 pathway is important in the induction of speB expression in O/N culture medium, isogenic luxS mutants of A-20 and GAS 602 were constructed (SW609 and SW918). The luxS mutants were confirmed by Southern blot analysis with a luxS-specific probe ( Fig. 2a; data not shown for GAS 602 and its luxS mutant, SW918). In addition, the AI-2 activities of the wild-type strains and luxS mutants were analysed using an AI-2 bioassay. The results showed that the culture supernatants of wild-type strain A-20 and complementation strain SW657, but not luxS mutant SW609, had AI-2 activity (Fig. 2b) . Consistent with the results for SW609, the culture supernatant from SW918 lost AI-2 activity (data not shown). The growth of wildtype strains and luxS mutants was similar when cultured in TSBY (data not shown).
Total RNAs of A-20, SW609, SW65 and the vector control strain SW658 were extracted at the stationary phase and speB expression was analysed by Northern blotting. The results showed that speB expression was similar among these strains (Fig. 2c) . In addition, the amount of SpeB protein in bacterial culture supernatant and the protease activity of these strains were analysed by Western blotting and a casein plate assay, respectively. The results showed that neither the amount of SpeB protein in the culture supernatant nor the protease activity of these strains had a significant difference (Fig. 2d) . To exclude the role of AI-2 in inducing speB expression, the O/N culture medium of A-20, SW609 and SW657 was collected and filtered with 0.22 mm filters and used to treat strain A-20. After treating A-20 with O/N culture medium from A-20, SW609 or SW657, speB expression was determined using real-time RT-PCR. The results showed that there was no significant difference in speB expression in A-20 after different O/N culture media stimulation (relative speB expression vs treatment of A-20 culture medium: SW609 culture medium, 1.07±0.292; SW657 culture medium, 1.65±0.092; P50.12). In addition, SW918, another M1 strain luxS isogenic mutant, showed similar speB RNA expression and protease activity when compared with wild-type strain GAS 602 (relative speB expression compared with treatment of GAS 602 culture medium: SW918 culture medium, 1.1±0.1).
Acid induces M1 strains to express speB by a LuxS-independent mechanism
Both acid and the LuxS pathway have been described as positive signals triggering GAS to express speB (Loughman & Caparon, 2006a; Lyon et al., 2001; Marouni & Sela, 2003) . However, low pH (pH 6.0 and 5.5) has been shown to repress luxS expression in M1 strain SF370 (Siller et al., 2008) . To clarify whether acid signal induction of speB expression was LuxS-dependent or not, A-20 and SW609 were incubated under acidic (pH 6.0) or neutral (pH 7.5) conditions and SpeB RNA and protein expression were analysed by Northern and Western blotting, respectively. The results showed that both SpeB RNA and protein expression of A-20 and SW609 were induced by acidic culture medium (O/N culture medium or fresh TSBY) and repressed under neutral conditions (Fig. 3a, b) . Similar to the results from A-20, both GAS 602 and its luxS isogenic mutant showed an increase in SpeB expression under acidic culture conditions (data not shown). In addition, RT-PCR analysis showed that speB expression of all analysed M1 (A-20 and SF370), M4 (GAS 113 and 133), M12 (GAS 261 and 747) and M49 (NZ131) strains was significantly increased under acidic culture conditions (pH 6.0, Fig. 3c ).
DISCUSSION
Previous studies have shown that several virulence factors and important regulators such as SpeB, hyaluronic acid capsule, fasX (the effector molecule of the fasBCA regulatory system) and psp (a secreted Ig-binding protein) are regulated by LuxS (Lyon et al., 2001; Marouni & Sela, 2003; Siller et al., 2008) , indicating that the AI-2 quorumsensing pathway has its role in GAS pathogenesis. In M3 strains, LuxS is a positive transcriptional regulator of speB (Marouni & Sela, 2003) . However, in M5 strains, the luxS mutant showed a reduced ability to secrete and process the SpeB protein (Lyon et al., 2001) . In this study, we found that speB expression in M1 clinical strains A-20 and GAS 602 and their isogenic luxS mutants was similar, indicating that the AI-2 quorum-sensing pathway was not involved in the regulation of speB expression. These results indicate that the AI-2 quorum-sensing pathway might have different regulatory networks in different strains and its effects are serotype-specific.
Our results showed that acid-induced speB expression is LuxS-independent (Fig. 3) . In addition, A-20 expressed speB after both acidic O/N culture medium and fresh (acidic) TSBY treatments (Fig. 3a, b) , supporting the observation that the AI-2 signal is not important in triggering expression of speB in this strain. Furthermore, O/N culture medium still induced A-20 to express speB after boiling, autoclaving or protease K plus autoclave treatments (Fig. 1b) , suggesting that the environmental pH changes, but not protein molecules, are critical for triggering speB expression in A-20. In M1 GAS, the twocomponent regulatory system CovR/S has been shown to be an important regulator for controlling SpeB expression (Sumby et al., 2006; Walker et al., 2007) . Previous studies showed that the CovS sensor histidine kinase responds to environmental signals, such as Mg 2+ , and phosphorylates CovR to regulate GAS virulence gene expression (Gryllos et al., 2003 (Gryllos et al., , 2007 . Although covR expression of A-20 did not show a significant difference under different pH culture conditions (pH 7.5 and 6.0; data not shown), the possibility of pH changes impacting on CovR phosphorylation status cannot be excluded.
The present study showed that the M1 strain culture medium stimulated the M1 strain to express speB (Fig. 1a) . However, Chaussee et al. (1997) showed that a culture supernatant of NZ131 (M49 strain) could not stimulate that strain to express speB. The pH values of the O/N culture medium of A-20 and NZ131 were similar (pH 5.59±0.02 and 5.45±0.05, respectively), indicating that the O/N culture medium of NZ131 contained an acid signal and should trigger A-20 to express speB. Supporting our hypothesis, we found that the NZ131 O/N culture medium stimulated A-20 to express speB (Fig. 1c) , indicating that speB expression in A-20 is sensitive to pH changes. However, the mechanisms of the diverse responses of the M1 and M49 strains to O/N culture medium stimulation will require further studies.
In this study, we showed that, instead of responding to the AI-2 quorum-sensing pathway, the expression of SpeB in M1 GAS was more sensitive to low pH. Acid is a general stress signal produced by GAS during the stationary phase of growth or by immune cells during infection. SpeB is known to be expressed by GAS in vivo and is important for Fig. 3 . SpeB expression of different GAS strains in neutral and acidic culture conditions. (a) speB expression of A-20 and the luxS isogenic mutant SW609 under neutral and acidic culture conditions. A-20 and SW609 were cultured for 3 h (exponential phase) and treated with neutral (pH 7.5) or acidic (pH 6.0) broth (fresh TSBY or O/N culture medium) for an additional 2 h. speB expression was analysed by Northern blotting. (b) SpeB protein expression of A-20 and SW609 under neutral and acidic culture conditions. Bacteria were treated with neutral (pH 7.5) or acidic (pH 6.0) TSBY for 3 h and total protein in the bacterial culture supernatant was precipitated for Western blotting using mouse anti-C192S (inactive form SpeB) serum. (c) speB expression of M1 (A-20 and SF370), M4 (GAS 113 and 133), M12 (GAS 261 and 747) and M49 (NZ131) strains under neutral (pH 7.5) and acidic (pH 6.0) culture conditions. Bacterial strains were cultured for 3 h and treated with neutral or acidic fresh TSBY for an additional 2 h. speB expression was analysed by RT-PCR. Detection of rRNA was used as an internal control. Experiments were performed twice, independently.
immune evasion and tissue damage. Therefore, having SpeB expression of M1 GAS sensitive to environmental pH changes but not to the AI-2 signal may be one of the possible mechanisms allowing this strain of GAS to adapt to the host environment during infection.
